The role of specificity protein 1 (Sp1) in controlling gene expression in lung tumor development and metastasis is not well understood. In this study, we showed that the Sp1 level was highly increased and required for lung tumor growth in transgenic mice bearing Kras-induced lung tumors under the control of doxycycline. Furthermore, the Sp1 level was highly upregulated in lung adenocarcinoma cells with low invasiveness and in patients with stage I lung cancer. We also demonstrated that Sp1 was downregulated in lung adenocarcinoma cells with high invasiveness and in patients with stage IV lung adenocarcinoma. Moreover, Sp1 inversely regulated migration, invasion and metastasis of lung adenocarcinoma cells in vivo. In addition, a decrease in the Sp1 level in highly invasive lung adenocarcinoma cells resulted from instability of the Sp1 protein. Furthermore, overexpression of Sp1 in highly invasive lung adenocarcinoma cells increased expression of E-cadherin, a suppressor of metastasis, and attenuated the translocation of b-catenin into the cellular nucleus that leads to tumor malignancy. Taken together, Sp1 level accumulated strongly in early stage and then declined in late stage, which is important for lung cancer cell proliferation and metastasis during tumorigenesis.
Introduction
Lung cancer, predominantly lung adenocarcinoma, is the leading cause of cancer mortality. In particular, tumor metastasis is the most life-threatening event of lung cancer patients (Jemal et al., 2010) . Despite surgical tumor resection of patients with stage I non-small cell lung cancer, 40-50% of these patients still die because of the occurrence of metastasis (Denlinger et al., 2010) . Understanding the process that controls metastasis is beneficial for the development of efficient tumor therapies. In the first step of metastasis, malignant lung tumor cells dissociate from a primary tumor by losing cell-cell adhesion and exhibiting a mesenchymal phenotype with highly invasive and migratory abilities. The conversion of an epithelial phenotype to a mesenchymal phenotype is achieved by the downregulation of proteins related to tight junctions, such as E-cadherin, that are transcriptionally regulated by specificity protein 1 (Sp1) (Liu et al., 2005) . Downregulation of E-cadherin is reportedly associated with metastasis and poor prognosis in lung cancer (Bremnes et al., 2002; Chao et al., 2009) .
Sp1, which belongs to the specificity protein/Kru¨ppel-like factor family of transcription factors that bind to the GC-rich promoter element through three Cys 2 His 2 -type zinc-fingers, is ubiquitously expressed in many tissues and regulates several cellular processes (Wierstra, 2008) . Furthermore, Sp1 has been reported to contribute to tumorigenesis through regulating gene transcription related to growth and proliferation (Black et al., 2001) . In particular, Sp1 was shown to mediate prostaglandin E2-and nicotine-induced growth of non-small cell lung cancer cells Zheng et al., 2009 ). In addition, the level of Sp1 has been shown to increase during the process of transformation in a fibrosarcoma transformation model (Lou et al., 2005) and the downregulation of Sp1 by small interfering RNA was shown to reduce the extent of tumor growth in nude mice after they were implanted with N67 gastric cancer cells (Jiang et al., 2004) . However, the role of Sp1 in metastasis remains unknown, although Sp1 was previously shown to enhance expression of antimetastatic proteins, such as KiSS-1 and RECK (Chang et al., 2004; Mitchell et al., 2007) . Despite high upregulation of Sp1 in a variety of tumor strains clarified in our laboratory by tissue array , it remains unclear whether a high expression level of Sp1 is maintained during tumor malignancy. Furthermore, the role of Sp1 in lung cancer progression is also poorly studied. Thus, Sp1-controlled tumor development toward malignancy was investigated in the current study.
Results

Sp1 upregulation is involved in Kras-induced lung tumorigenesis
Although Sp1 accumulation was found in various tumor types in our previous study , the role of Sp1 accumulation in oncogene-induced tumorigenesis remains unknown. In the present study, we found that the Sp1 level was decreased in vitro upon treatment with FTI-276 (farnesyltransferase inhibitor-276), which is a Kras inhibitor (Supplementary Figure S1) . To define the role of Sp1 during Krasinduced lung tumorigenesis in vivo, we established transgenic mice bearing lung tumors induced by oncogenic Kras4b
G12D under the control of doxycycline (Supplementary Figure S2A) (Fisher et al., 2001) . The genotype of the bitransgenic mice (Scgb1a1-rtTA/ TetO-Kras4b
G12D
) was confirmed by PCR genotyping (Supplementary Figure S2B) . To determine the effects of doxycycline on the pathological changes of lungs, lungs were excised for paraffin sections stained with hematoxylin and eosin 1-5 months after doxycycline (0.5 g/l) administration. The aberrant hyperplasia and lung tumor were induced in the doxycycline-treated group, as revealed by hematoxylin and eosin staining and counting pulmonary tumor nodules. As shown in Figures 1a and b, tumor formation was identified and pulmonary nodules were counted 3 months after doxycycline administration (Supplementary Figure S3) . In addition, the expressions of Sp1, Kras, pErk and proliferating cellular nuclear antigen, the marker of hyperplasia, and Clara cell-specific protein (CCSP), the marker of lung epithelial cells, were all obviously increased with increasing time of doxycycline administration ( Figure 1a) . According to the H-score, which was used to semiquantitate the signal of immunohistochemical (IHC) staining, these proteins were significantly upregulated 1 month after doxycycline administration. One spot represents one mouse ( Figure 1c and Supplementary Figure S4) . Furthermore, western blotting revealed that doxycycline increased protein levels of Kras and Sp1 significantly (Figure 1d ). These results indicate that Sp1 expression was increased in Kras-induced lung tumor development.
To determine whether inhibition of Sp1 transcriptional activity prevents Kras-induced lung tumorigenesis, we treated bitransgenic mice with mithramycin A (MMA) that can compete the Sp1-binding sites by intraperitoneal injection (0.5 mg/kg). Histological analysis revealed that administration of MMA for 2 months reduced the extent of lung tumor formation triggered by doxycycline (Figure 1e ). Both pulmonary tumor nodules and Sp1 H-score were also significantly decreased in MMA-treated group (Figures 1f and g ). In addition, MMA not only deprived the Sp1-binding activity, but also resulted in the downregulation of Sp1 detected by IHC staining and western blotting (Figures 1e and h) , which indicates that Sp1 can regulate itself. Therefore, Sp1 upregulation might be involved in Kras-induced lung tumor growth.
Sp1 expression is decreased during lung tumor malignancy and low Sp1 expression correlates with poor prognosis of lung adenocarcinoma patients Previous studies have reported that Sp1 is involved in tumorigenesis through regulating gene expression related to cell growth and proliferation (Black et al., 2001; Lou et al., 2005) . However, the role of Sp1 in the survival of cancer patients was unclear, especially in lung cancer patients. To determine the expression pattern of Sp1 in patients with lung adenocarcinoma, we collected clinically resected specimens of normal lung tissue and lung adenocarcinoma for IHC staining with an antibody against Sp1. In each clinical section, 430% of the cells expressing Sp1 were considered to have high expression by pathologists. Representative images of negative, low and high expression of Sp1 are shown in Figure 2a . Among 46 patients with stage I and II lung adenocarcinoma, 40 (87%) exhibited high Sp1 expression, whereas only 6 (13%) had low Sp1 expression. However, among 72 patients with stage IV lung adenocarcinoma, 29 (40.3%) exhibited high Sp1 expression, whereas 43 (59.7%) showed low Sp1 expression ( Figure 2b and Table 1) . Moreover, among all 118 patients, normal lung tissue of 105 (89%) exhibited negative and low expression. These results indicate that Sp1 expression was upregulated in the early phase and downregulated in the late phase of lung adenocarcinoma.
To determine whether Sp1 expression is associated with prognosis, we analyzed the correlation of Sp1 expression with the survival rate of patients. In KaplanMeier log-rank analysis, low Sp1 expression was significantly correlated with low survival in patients Figure 1 MMA prevents doxycycline-induced pathological changes in the lungs of bitransgenic mice. (a) Doxycycline-induced lung tumor formation accompanied by increases in Sp1 and Kras in bitransgenic mice. After treatment for 1-5 months, lungs were excised for paraffin sections. Sections were prepared for hematoxylin and eosin (HE) staining and Sp1, Kras, pErk, proliferating cellular nuclear antigen (PCNA) and CCSP immunohistochemical staining. Stained sections were visualized using light microscopy ( Â 200). The P-value was determined by a two-sided log-rank test. (e) Sp1 expression in normal lung fibroblast (IMR) and CL-series cell lines with increasing invasiveness. Cells were harvested for whole-cell lysates and cellular proteins were immunoblotted with anti-Sp1 and tubulin antibodies. pSp1 represents phosphorylated Sp1 and data are representative of three independent experiments and are presented as mean±s.e.m. The P-value is indicated. Sp1 represses lung cancer metastasis T-I Hsu et al with lung adenocarcinomas from stages I, II and IV (Figure 2c ; Po0.0001; hazard ratio 5.183). In addition, low Sp1 expression was also significantly associated with a low survival in patients in stage IV (Figure 2d ; P ¼ 0.0021; hazard ratio 2.572). To further investigate the role of Sp1 in lung tumor malignancy, we examined Sp1 expression in a series of CL cell lines, which are lung adenocarcinoma cell lines with increasing invasiveness (Figure 2e ) (Chu et al., 1997) . Compared with expression in the IMR lung primary fibroblasts, the protein level of Sp1 was significantly increased in the CL series cell lines, indicating that Sp1 was overexpressed in lung adenocarcinoma. However, Sp1 expression in CL1-5, which had highest invasiveness in the series, exhibited significantly lower expression than that in CL1-0, which had lowest level of invasiveness, suggesting that Sp1 may negatively regulate tumor invasion.
Sp1 inhibits the invasive and migratory abilities of lung adenocarcinoma cells in vitro To determine the effects of Sp1 on invasion and migration, we manipulated the Sp1 level in the CL cells. Because CL1-5 had lower Sp1 expression than CL1-0 but had the highest invasive ability of the CL panel (Figure 2e ), we overexpressed Sp1 in CL1-5 cells by infection with adenovirus expressing green fluorescent protein (GFP)-Sp1 or GFP (for control). The expression level of GFP-Sp1 detected by western blotting was gradually increased with increasing infection dosage of GFP-Sp1 adenovirus for 48 h (Figure 3a ). In addition, CCSP expression was increased with GFP-Sp1 adenovirus infection in CL1-5 cells, implying that Sp1 is involved in the switch to the epithelial phenotype. After infection with GFP or GFP-Sp1 adenovirus for 48 h, GFP-infected CL1-5 cells had a spindle-like morphology, whereas GFP-Sp1-infected cells exhibited an epithelial-like morphology and formed aggregates ( Figure 3b ). In addition, overexpression of GFP-Sp1 enhanced proliferation of CL1-5 cells (Supplementary Figure S5) , implying that more Sp1 in cells will trigger proliferation-related gene expression. A Matrigel-combined in vitro invasion assay showed that the invasive ability of CL1-5 cells was decreased with increasing infection dosage of GFP-Sp1 (Figure 3c ). To examine the effect of Sp1 on the migratory ability of cells, we used a wound-healing assay, a Transwell migration assay and time-lapse microscopy. We found that the migratory area of GFP-Sp1 adenovirus-infected CL1-5 cells was significantly smaller than that of GFP adenovirus-infected cells in the wound-healing assay ( Figure 3d ). In addition, the Transwell migration assay also indicated that the migratory ability of CL1-5 cells was attenuated with increasing infection dosage of GFPSp1 ( Figure 3e ). According to the video time-lapse microscopy analysis, after wounding a cellular monolayer, the migratory ability of CL1-5 cells was suppressed by GFP-Sp1 adenovirus infection ( Figure 3f and Supplementary Movies). Based on these results, it is apparent that overexpression of Sp1 inhibited the invasive and migratory abilities of CL1-5 cells in vitro.
Knockdown of Sp1 enhances the invasive and migratory abilities of lung adenocarcinoma cells in vitro As both CL1-0 and CL1-5 came from the same patient's tumor (Chu et al., 1997) , herein we found that there was an inverse proportion between Sp1 level and invasive activity in these two cells. Therefore, in addition to evaluating the effect of Sp1 overexpression on CL1-5 cells, we also determined the effect of Sp1 knockdown on invasion and migration in CL1-0 cells that express the highest level of Sp1 among the CL cell panel ( 
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Protein instability causes downregulation of Sp1 in highly invasive lung adenocarcinoma cells Sp1 expression is important for cellular transformation and is increased in tumor cells. In our previous study, Sp1 was overexpressed in cervical cancer because of increased stability of Sp1 protein . Thus, we hypothesized that Sp1 stability plays an important role in maintaining a high Sp1 level in tumor cells. In addition to lower mRNA and protein levels of Sp1 in CL1-5 cells, phosphorylation of Sp1 at T739, which has been shown to enhance Sp1 protein stability , was also decreased (Figure 6Aa and b), suggesting that Sp1 protein stability in CL1-5 cells was lower than that in CL1-0 cells. Further demonstrating that Sp1 protein stability was lower in the CL1-5 cells, high sumoylation and ubiquitination levels of Sp1 were detected in CL1-5 cells by western blotting (Figure 6Ab ). As the association of Sp1 with
Sp1 represses lung cancer metastasis T-I Hsu et al Sp1 represses lung cancer metastasis T-I Hsu et al ring finger factor-4 (RNF4), the E3 ligase of Sp1, has been reported , we then studied the interaction of these proteins, and the results indicated that Sp1 associated with RNF4 was enhanced in CL1-5 cells ( Figure 6C ). To further clarify whether both Sp1 sumoylation and ubiquitination are more obvious in CL1-5 cells, the anti-Sp1-mediated immunoprecipitation was performed. As shown in Figure 6D , the signal of SUMO-Sp1 was stronger in CL1-5 cells. In Figure 6E , after overexpression of myc-ubiquitin in the presence of MG132, which is a proteasome inhibitor, the ubiquitination signal was detected in the anti-Sp1 immunoprecipitates in CL1-5 cells, but not in CL1-0 cells. These results indicate that Sp1 protein stability was lower in 
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T-I Hsu et al the highly invasive lung adenocarcinoma cells because of higher sumoylation and ubiquitination. Because Sp1 protein was previously shown to autoregulate its own expression (Nicolas et al., 2001) , we proposed a model explaining how Sp1 protein stability affects the Sp1 level in highly invasive lung adenocarcinoma cells ( Figure 6F ).
Sp1 induces E-cadherin expression and blocks the translocation of b-catenin into nucleus in highly invasive lung adenocarcinoma cells Downregulation of E-cadherin, a known suppressor of tumor cell invasion and migration, was previously shown to associate with tumor metastasis (Frixen , 1991; Bremnes et al., 2002) . Sp1 has also been reported to regulate E-cadherin expression (Liu et al., 2005) . Thus, we speculated that Sp1 inversely regulates tumor metastasis through inducing E-cadherin expression. As shown in Figure 7 , E-cadherin expression was higher in CL1-0 cells that exhibit lower metastatic ability than in CL1-5. This phenomenon is the same with Sp1 expression. To confirm the previous study showing that Sp1-binding sites are important for E-cadherin promoter transcription, chromatin immunoprecipitation assay was used to determine whether Sp1 binds to E-cadherin promoter. As shown in Figure 7b , indeed, Sp1 obviously bound to E-cadherin promoter (À199/À450). Therefore, the effects of Sp1 on E-cadherin expression were studied. Sp1 small hairpin RNA-mediated Sp1 knockdown for 48 h significantly reduced E-cadherin expression in both CL1-0 and A549 cells (Figure 7c ). Moreover, overexpression of GFP-Sp1 for 48 h significantly induced E-cadherin expression in CL1-5 cells (Figure 7d ), indicating that Sp1 positively regulated E-cadherin expression. b-Catenin, which is the link between E-cadherin and cytoskeleton, also plays an important role in tumor malignancy. In previous studies, b-catenin has been shown to promote tumor malignancy through its translocation into the nucleus, and subsequently turning on gene transcription related to metastasis in colon cancer (Morin et al., 1997) . However, increased expression of b-catenin is reportedly associated with good prognosis of patients with lung cancer (Hommura et al., 2002) . Thus, it remains unclear whether b-catenin promotes tumor metastasis. In CL1-5 cells, b-catenin expression was higher than that in CL1-0 cells (Figure 7a ). The b-catenin expression was apparently unaffected by Sp1 (Figure 7d ). We also investigated the effect of Sp1 on the translocation of b-catenin by isolating cytosolic and nuclear fractions. In CL1-5 cells, overexpression of Sp1 significantly reduced nuclear b-catenin ( Figure 7e) ; immunofluorescence analysis also revealed that the amount of nuclear b-catenin was decreased in GFP-Sp1-expressing cells (Figure 7f ), indicating that b-catenin translocation into the nucleus was attenuated by Sp1. Consequently, b-cateninmediated target gene expression, such as T-cell factor-4, was inhibited by GFP-Sp1 (Figure 7g) (Roose et al., 1999) . Therefore, we propose a model in which Sp1 blocked b-catenin translocation into the nucleus through the induction of E-cadherin expression, which was shown to anchor b-catenin near the plasma membrane in lung adenocarcinoma cells (Figure 7h ) (Rivard, 2009 ). These results suggest that Sp1 inversely regulated metastasis through inducing E-cadherin expression and attenuating b-catenin translocation into the nucleus.
According to our results, we conclude that Sp1 expression is highly increased during tumor formation and downregulated during metastasis (Figure 8a ). In addition, we propose a model showing that Sp1 expression is maintained in the lowest level by protein instability triggered by sumoylation and ubiquitination. Furthermore, because of the increase of protein stability, Sp1 is upregulated in lung tumor cells to induce E-cadherin expression, which is a metastasis suppressor and anchors b-catenin near the plasma membrane. In highly invasive lung tumor cells, Sp1 downregulation, which is caused by protein instability, results in the loss of E-cadherin. Subsequently, b-catenin translocation into the nucleus for transcriptional regulation of genes related to invasion and migration is attenuated (Figure 8b ).
Discussion
Previous reports have shown that Sp1 transcriptionally induced expression of several metastatic suppressors, including tissue inhibitor of metalloproteinase-1 (Kwak et al., 2006) , KiSS-1 (Mitchell et al., 2007) , G-proteincoupled protein 54 (DeFino et al., 2010), bone morphogenetic protein-7 (Chen et al., 2010; Yi et al., 2010) and Src-suppressed C-kinase substrate (Bu et al., 2010) , but the specific role of Sp1 in the process of metastasis remains unclear. In the present study, we first showed that the proportion of low Sp1 expression in patients with stage IV lung adenocarcinoma was higher than that in patients with stages I and II of lung adenocarcinoma. We also found that Sp1 negatively correlated with poor prognosis. Furthermore, the Sp1 level was downregulated in highly invasive lung adenocarcinoma cells, and inversely regulated cellular functions controlling metastasis. Moreover, we also confirmed that Sp1 upregulation was involved in lung tumor growth. These data suggest that upregulation of Sp1 occurred during the process of cellular transformation or tumor growth. When tumor cells became more invasive, the Sp1 level was downregulated for both inducing appropriate gene expression related to metastasis and reducing E-cadherin expression.
As we used the adenovirus to overexpress Sp1 in CL1-5 cells, in addition to the attenuation of cellular invasive activity, we also observed that the proliferation of cells was significantly increased. However, Sp1 knockdown with Sp1 small hairpin RNA (4 mg) enhanced the invasive ability but did not affect proliferation in CL1-0 cells. We speculate that Sp1 expression in CL1-0 cells with knocked down Sp1 is similar to that in CL1-5 cells, and the remaining Sp1 level is enough for proliferation in CL1-0 cells. To further address the effect of Sp1 downregulation on the invasiveness, CL1-0 cells were also treated with MMA for 24 h before invasion assay. Because of serious cell death and activation of proapoptotic proteins upon MMA treatment (data not shown), it is difficult to evaluate its effect on invasive activity of lung cancer cells. In addition, according to previous studies, MMA still contains other functions such as facilitating apoptosis through activating Fas pathway (Duverger et al., 2004; Leroy et al., 2006) . Therefore, another effect(s) of MMA except affecting Sp1-binding activity might also be involved in the lung cancer tumorigenesis, such as downregulation of DNA methytransferase 1 and MUC5A, both of which are related to tumor malignancy (Lin et al., 2007; Lee et al., 2011) . In the bitransgenic mice bearing spontaneously developed lung tumor under the control of doxycycline, MMA treatment exhibited antitumor effect. Moreover, doxycycline-induced lung tumors in the bitransgenic mice still belong to the early phase of lung adenocarcinomas; thus, we did not detect any metastasis in the circulation or other organs with or without MMA treatment. Herein, we provide evidence that Sp1 upregulation is involved in lung tumor growth, but not for metastasis. MMA-inhibited lung tumor growth, in part, was contributed by MMA-mediated Sp1 downregulation through competing Sp1-binding sites on the promoter (Remsing et al., 2003; Maor et al., 2006) . This finding further suggests that the therapeutic strategy targeting Sp1 is appropriate for patients with earlyphase lung cancer, but not for patients with late-phase lung cancer.
In addition to upregulation of Sp1 mRNA (Kumar and Butler, 1999) , protein stability also played an important role in increasing the Sp1 level in tumor cells . In this study, we provide evidence that the decrease of Sp1 in highly invasive lung adenocarcinoma cells was caused by Sp1 protein instability. Protein turnover of Sp1 was mediated The lowest Sp1 level for basal gene transcription is maintained by protein instability triggered by sumoylation and ubiquitination. In lung tumor cells, the Sp1 level is upregulated for proliferation accompanied by the increased level of E-cadherin for adhesion. In highly invasive lung tumor cells, E-cadherin, which anchors b-catenin near the plasma membrane, is lost because of the downregulation of Sp1 level triggered by protein instability. Consequently, downregulation of Sp1 level increases the amount of nuclear b-catenin for gene transcription related to metastasis.
Sp1 represses lung cancer metastasis
T-I Hsu et al through an ubiquitination pathway in a 26S-proteosome-dependent manner (Su et al., 1999) . Our previous studies showed that Sp1 modified by sumoylation at lysine 16 or phosphorylation at threonine 278/739 had negative and positive effects on the protein stability, respectively (Nicolas et al., 2001; Chuang et al., 2008; Wang et al., 2008) . In this study, we found that Sp1 was obviously sumoylated and ubiquitinated upon losing phosphorylation. Therefore, based on these data, it seems that protein instability of Sp1 by post-translational modification, rather than transcription, leads to cancer metastasis in the late stage. However, although it is known that RNF4 acts as an E3 ligase to modulate the Sp1 level in cancer metastasis, the detailed mechanism must be further elucidated.
In the promoter of E-cadherin, Sp1-binding sites were identified and were found to be important for transcription (Liu et al., 2005) , suggesting that Sp1 may be involved in metastasis through regulating E-cadherin expression. Herein, we reported that Sp1 overexpression inhibited metastasis and increased E-cadherin expression, which suggests that Sp1 may inhibit metastasis through the E-cadherin-mediated maintenance of cell-cell adhesion.
In both A549 and CL1-5 cells, Sp1 knockdown led to the decrease of E-cadherin level, but the cell fate might be different. Our previous study showed that Sp1 overexpression causes cellular apoptosis of A549 (Chuang et al., 2009 ), but increases proliferation of CL1-5 cells. The discrepancy may be caused by A549 with wild-type p53 and CL1-5 with mutant p53 (p53 R248W ) (Tsai et al., 2006) . In addition, previous reports showed that Sp1 cooperated with p53 to repress survivin, cyclin B1 and cdc25C, all of which are required for cell survival and proliferation (Innocente and Lee, 2005; St Clair and Manfredi, 2006; Esteve et al., 2007) . These results suggest that Sp1 overexpression induces cellular proliferation in lung tumor cells with mutant p53, but induces p53-dependent apoptosis in that with wild-type p53.
The translocation of b-catenin into the nucleus was shown to promote metastasis in colon cancer, but high expression of b-catenin predicted good prognosis in lung cancer (Morin et al., 1997; Hommura et al., 2002) . Thus, the role of b-catenin in tumor malignancy is controversial. In this study, we showed that b-catenin expression in highly invasive lung adenocarcinoma cells was significantly higher than in low invasive cells, which suggests that b-catenin is involved in lung tumor malignancy. Although Sp1 did not affect b-catenin expression, Sp1 attenuated translocation of b-catenin into the nucleus in highly invasive lung adenocarcinoma cells. This result might be caused by the Sp1-induced expression of E-cadherin shown to interact with bcatenin on the cell membrane (Schmalhofer et al., 2009 ).
In conclusion, Sp1 was required for lung tumor growth but it suppressed metastasis through inducing E-cadherin expression. The clinical implication of the present study is that inhibition of Sp1 is seemingly inappropriate for all patients with lung cancer ranging from stages I to IV.
Materials and methods
Cell culture and transfection
The human lung adenocarcinoma cell lines, CL-series cell lines, were kindly provided by Dr Pan-Chyr Yang (Chu et al., 1997) . A549 cells were purchased from American Type Culture Collection (Manassas, VA, USA). CL cell lines and A549 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum, 100 mg/ml streptomycin sulfate and 100 U/ml penicillin G sodium at 37 1C and 5% CO 2 . Transfection with myc-ubiquitin was performed using Lipofectamine, 2000 (Invitrogen Life Technologies, Grand Island, NY, USA) according to the manufacturer's instruction. For transfection, 9 mg of myc-ubiquitin plasmid DNA was incubated with 900 ml of Opti-MEM containing 9 ml of Lipofectamine for 30 min at room temperature. Subsequently, cells in the 10 cm culture dish were incubated with 3 ml of Opti-MEM containing myc-ubiquitin and Lipofectamine for 8 h at 37 1C in 5% CO 2 . After incubation with DMEM/10% fetal bovine serum for additional 18 h, cells were lysed for immunoprecipitation.
Generation of bitransgenic mice (Scgb1a1-rtTA/TetOKras4b G12D ) Two transgenic lines were acquired from Jackson Lab (Bar Harbor, MA, USA) and maintained at the National Laboratory Animal Center in Taiwan. The Scgb1a1-rtTA transgenic mice expressed the reverse tetracycline trans-activator (rtTA) protein under the control of Scgb1a1 (secretoglobin, family 1A, member 1) promoter. The TetO-Kras4b G12D transgenic mice expressed activated Kras ( Kras4b G12D ) under the regulation of a tetracycline-responsive promoter element (TRE; tetO). After mating, PCR genotyping was performed for detection of Scgb1a1-rtTA and in bitransgenic mice. Activated Kras expression in the bitransgenic mice was induced by administration of doxycycline (0.5 g/l) to the drinking water, starting at the age of 2 months.
Collection of clinical specimens from patients with lung adenocarcinoma Clinical specimens were collected after clinical resection from 118 patients with lung adenocarcinoma ranging from stages I, II to IV who underwent surgery at the Department of Surgery of the National Cheng Kung University Hospital. The lung cancer stage was classified by pathologists. Collection of human specimens conformed to the human ethics and was approved by the Clinical Research Ethics Committee at National Cheng-Kung University Medical Center.
Histological analysis and immunohistochemistry
Lungs excised from bitransgenic mice or clinically resected specimens were fixed in 10% formaldehyde for 24 h, dehydrated and embedded in paraffin. Sections (5 mM) were cut and stained with hematoxylin and eosin. For immunohistochemistry, sections were dewaxed in xylene and rehydrated in a graded series of ethanols. Endogenous peroxidases were blocked by 0.3% hydrogen peroxide in phosphate-buffered saline (PBS) for 30 min. Histological sections, which was blocked by 3% bovine serum albumin in PBS, were incubated with appropriate diluted primary antibody for 2 h at room temperature. The immunoreactivity was visualized with a Vectastain ABC kit (Vector Laboratories, Burlingame, CA, USA) and photographed under Olympus BX-51 microscope (Olympus, Melville, NY, USA). To score IHC staining, H-score was used to evaluate expressions of Sp1, Kras, pErk, proliferating cellular nuclear antigen and CCSP in doxycyclineSp1 represses lung cancer metastasis T-I Hsu et al treated bitransgenic mice according to previous reports (McCarty et al., 1985; Hung et al., 2003) . The H-score was calculated using the following formula: (Zero Â percentage of negatively staining) þ (percentage of weakly staining) þ (twice percentage of moderately staining) þ (thrice percentage of strongly staining). The range of summarization is from 0 to 300.
Generation of adenovirus-expressing GFP or GFP-Sp1
Adenoviruses carrying the complementary DNA encoding GFP or GFP-Sp1 were made according to the instructions of Adeno-X Expression System 2 kit (BD Biosciences, San Diego, CA, USA). The detail process is described in our previous study (Chuang et al., 2009 ).
In vitro Matrigel-combined invasion assay Cellular invasive property of cells was analyzed by invasion assay using the 24-well plate Transwell system with an 8 mM pore size polycarbonate filter membrane (Corning Costar, Corning, NY, USA). The filter membrane was coated with 15 mg (45 mg/ cm 2 ) of Matrigel (BD Biosciences, San Diego, CA, USA). The cell suspensions were seeded to the upper compartment of the Transwell chamber at the cell density of 2 Â 10 4 in 100 ml of medium. After 24 h, the filter membrane was fixed with methanol for 10 min. The opposite surface of the filter membrane facing the lower chamber was stained with 4,6-diamidino-2-phenylindole (DAPI; Invitrogen) for 3 min and the migrated cells were then counted under a fluorescent microscope. Assays was performed in duplicate and repeated three times.
Transwell migration assay
The cell migration assay was performed using Transwell system with an 8-mM pore size polycarbonate filter membrane. After overexpression of Sp1 in CL1-5 cells and knockdown of Sp1 in CL1-0 cells for 48 h, cells were trypsinized and suspended in serum-free DMEM. Upper wells were filled with cell suspensions (2 Â 10 4 ) in serum-free DMEM and lower wells were filled with DMEM containing 10% fetal bovine serum. After incubation for 6 h at 37 1C, the lower side of filter membrane was fixed with 10% formaldehyde and stained with DAPI for 3 min. The migrated cells were counted under a fluorescent microscope. Assays was performed in duplicate and repeated three times.
Wound-healing assay
After overexpression of Sp1 in CL1-5 cells and knockdown of Sp1 in CL1-0 cells for 48 h, the linear wound of cellular monolayer was created by scratching confluent cell monolayer using a plastic pipette tip. Scratched cell monolayer was washed by PBS to remove debris. After incubation at 37 1C for 24 h, area of migration was photographed under light microscope for evaluation and monitored by time-lapse microscope (Olympus IX81-ZDC Zero Drift microscope; Olympus) photographing per 10 min for 24 h. Experiments were performed independently three times.
In vivo metastasis assay The animal study was approved by the institutional animal care and use committee at the National Cheng-Kung University. After overexpression of Sp1 in CL1-5 cells and knockdown of Sp1 in CL1-0 cells for 48 h, cells were trypsinized and suspended in PBS for tail vein injection. A total of 10 6 cells in 100 ml of PBS were injected into the lateral tail vein of 8-week-old severe combined immunodeficient mice (five mice per group). Mice were killed after 4 weeks and excised lungs were fixed with 10% formaldehyde for 48 h.
Finally, the number of pulmonary metastatic nodules on the surface of lung was counted and lungs were prepared for paraffin sections stained by hematoxylin and eosin.
Immunoprecipitation
Total cell extracts were prepared by incubating cells in RIPA lysis buffer (10 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.1% sodium dodecyl sulfate (SDS), 1% Nonidet P-40 and 0.25% deoxychlate) with freshly added inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 mg/ml aprotinin and 1 mg/ml leupeptin) for 10 min at 4 1C. After centrifugation at 12 000 g for 10 min at 4 1C, supernatant was collected. For immunoprecipitation, supernatant was incubated with the anti-RNF4 (Sigma-Aldrich, St Louis, MO, USA) or anti-Sp1 (Millipore, Bedford, MA, USA) antibody at 4 1C for 1 h with rotation. After incubation with protein A agarose beads (Millipore) at 4 1C for 1 h with rotation, the beads were pelleted by centrifugation at 3000 r.p.m. at 4 1C for 5 min and washed with RIPA buffer three times. Proteins binding to the beads were eluted by 2 Â Sample buffer (3.33% SDS, 116.67 mM Tris-HCl, pH 6.8, 10% glycerol, 0.004% bromophenol blue and 100 mM dithiothreitol) for electrophoresis.
Western blotting analysis
Proteins were subjected to one-dimensional SDS-polyacrylamide gel electrophoresis (4.5% stacking gel and 8-12.5% separating gel) and were transferred to a polyvinylidene difluoride membrane (Millipore) by using a transfer apparatus according to the manufacturer's protocols (Bio-Rad, Richmond, CA, USA). Membranes were blocked with 3% nonfat dry milk in TBST buffer (10 mM Tris-HCl, pH 8.0, and 150 mM NaCl) containing 0.05% Tween-20, washed in the same buffer and probed with the anti-Sp1 (Millipore), antiKras (Proteintech Group, Chicago, IL, USA), anti-CCSP (Seven Hills Bioreagents, Cincinnati, OH, USA), anti-pSp1 (T739; Kelowna, Taiwan), anti-RNF4 (Sigma), anti-SUMO-1 (Epitomics, Burlingame, CA, USA), anti-b-catenin (Cell Signaling Technology, Boston, MA, USA), anti-E-cadherin (Cell Signaling Technology), anti-myc (Invitrogen), antihistone H3 (Millipore), anti-tubulin (Sigma) or anti-b-actin (Millipore) antibody at 4 1C overnight. The secondary antibody (Millipore), goat anti-rabbit or anti-mouse immunoglobulin G linked with horse radish peroxidase, was added in the presence of the blocking agent and incubated with membranes for 1 h at room temperature. After three more washes, immune complexes were detected using chemiluminescence Alpha Innotech detection system (Alpha Innotech Corp., San Leandro, CA, USA). The intensity of the bands on western blots was analyzed using AlphaImager software (Alpha Innotech Corp.).
Chromatin immunoprecipitation assay
After crosslinking with 1% formaldehyde for 10 min at room temperature, cells (1 Â 10 8 ) were washed with ice-cold PBS three times and whole-cell extracts were prepared with lysis buffer. The cellular DNA fragment approximate 500 bp was prepared by sonication. For immunoprecipitation, salmon sperm DNA-blocked cell lysate was incubated with 2 mg of anti-Sp1 antibody or IgG at 4 1C for 16 h with rotation. After incubation with 30 ml of protein A agarose beads at 4 1C for additional 2 h, beads were washed three times with high salt buffer (20 mM Tris-HCl, 500 mM NaCl, 2 mM EDTA and 0.5% NP-40) and another three times with low salt buffer (10 mM Tris-HCl, 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet P-40 and 0.01% SDS). Subsequently, proteins binding to beads were eluted by 500 ml of TE buffer containing 1% SDS, and crosslinks were reversed at 65 1C for 16 h. After protein digestion by 0.5 mg/ml proteinase K at 50 1C for 2 h, DNA was extracted by phenol/chloroform and precipitated by absolute alcohol. The purified DNA was analyzed by PCR using the primer for E-cadherin promoter (À199/À450): Forward, 5 0 -CAAAAAATCCCAAAAAACAA-3 0 ; Reverse, 5 0 -ACCTGC CGGCCACAGCCAAT-3 0 .
Isolation of cytosolic and nuclear fractions Cells were washed with ice-cold PBS and lysed in buffer A (10 mM Hepes, pH 7.9, 10 mM KCl and 1.5 mM MgCl 2 ) supplemented with 1 mM phenylmethylsulfonyl fluoride, 1 mg/ ml leupeptin and 1 mg/ml aprotinin. After incubation on the ice for 10 min, the cytosolic fraction was collected by centrifugation at 1200 r.p.m. for 5 min. The pellet was washed with icecold PBS three times. Next, the pellet was lysed by buffer C (150 mM NaCl, 1 mM EDTA, 20 mM Tris-Cl, pH 8.0 and 0.5% NP-40) supplemented with 1 mM phenylmethylsulfonyl fluoride, 1 mg/ml leupeptin and 1 mg/ml aprotinin at 4 1C for 2 h. The nuclear fraction was collected by centrifugation at 14 000 r.p.m. at 4 1C for 10 min.
Immunofluorescent analysis
Cells were seeded onto coverslips and infected with adenovirus-expressing GFP-Sp1 for 24 h. After fixation with 4% paraformaldehyde (Sigma) in PBS for 10 min and permeabilization with 0.1% Triton X-100 for 10 min, cells on the coverslip were blocked with 1% bovine serum albumin for 1 h and stained with the antibody against b-catenin (1:200; Cell Signaling Technology) for 1 h at room temperature. Subsequently, cells on the coverslip were washed with PBS three times and stained with the cyanine (Cy)-5-conjugated donkey anti-rabbit antibody (1:200, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 1 h at room temperature. Finally, cells were washed with PBS three times and mounted with 90% glycerol containing DAPI (Invitrogen) and photographed under Olympus BX-51 fluorescent microscope (Olympus) at Â 1000 magnification.
Statistical analysis
Student's t-test was used to analyze the difference between two groups. Survival curves were calculated according to the Kaplan-Meier method and comparison of survival rate was performed using log-rank test. The P-value of o0.05 was considered statistically significant.
